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Technical field 

The invention relates to a process for producing a stable solution containing anatase titanium 
oxide and intended to be deposited on a substrate, particularly on a thermally sensftive substrate, to 
produce transparent photo-catalytic coatings. The anatase titanium oxide is well known for its high 
photo-catalytic activity. Coated on a materia), anatase provides self-cleaning properties to this 
material. In addition, this photo-catalytic coating can be used for the removai of harmful materials, 
the deodorization/decomposition of odor substances, antifouling, bactericide activity, sterilization... 

The invention relates also to a solution obtained by a process for producing a stable solution 
according to the invention, to a process for coating a substrate using the solution obtained according 
to the invention, and to the coated substrate obtained by such a process. 

Background of the Invention 
It is well known that photo-catalytic coatings presenting an optical quality are easily obtained 
by thermal crystallization of amorphous sol-gel Ti0 2 films. Such crystallization usually requires a 
post-deposition thermal treatment at relatively high temperatures. This restrains photo-catalytic 
applications to supports of reasonably good thermal stability, such as fused silica or mineral glasses. 
Photo-catalytic properties of Ti0 2 films deposited on polymers have rarely been studied in the sol-gel 
literature. To exploit the photo-catalytic properties of sol-gel Ti0 2 films to thermally sensitive 
substrates, such as polymer supports, low temperature crystallization approaches are necessary. 

The patent application EP1167296 proposes such an approach. In this document, three 
inventions having different aims and effects are presented. The two first inventions propose to 
obtain anatase titanium oxide by heat treatment in closed vessel. These two first inventions are 
mainly intended to obtain a crystallized powder. A coating is nevertheless realized with the obtained 
slurry to prove the photo-catalytic activity but these coatings are thick and don't allow keeping the 
optical properties of the coated substrate. Such inventions are more intended for ceramic 
applications, the crystalline powder being recovered by centrifugation after thermal treatment of the 
solution. No data in these two first inventions mentioned the sol-gel preparation of stable 
suspensions compatible with the deposition of optical quality photo-catalytic Ti0 2 films. 

The third invention proposes to realize a treatment by ozone to obtain a coatable solution. This 
coatable solution allows obtaining coatings with an optical quality. Nevertheless the photo-catalytic 
activity appears to be quite weak. The addition of some slurry obtained according to one of the first 
two inventions is proposed to enhance it. Moreover it has to be underlined that ozone has to be 
fabricated on-site which is constraining, as it is an irritant oxidant that implies problems in the 
security of the industrial process. 

Summary of the Invention 

The invention proposes to deposit photo-catalytic films at low temperature. It relies on the 
possibility to prepare liquid suspensions of crystallized T10 2 particles, which can then be deposited 
using traditional liquid phase deposition techniques, such as spin-, dip- or spray-coating. It is an 
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efficient for the breakage of links between aggiomerated Ti species. In order to increase the photo- • 
cataiytic activity of a coating obtained by deposition of a solution according to the above presented 
process, a re-concentration step is realized after the step of exchange in order to obtain a more 
concentrated final solution. . 

Then the invention relates also to a process for coating a substrate with a photo-catalytic and 
apparent layer using a dispersed final solution as obtained by the above described process for 
producing a stable solution containing anatase titanium oxide. According to such a process, thin 
Is are then deposited at room temperature from said final solution. When coated on a substrate, 
the obtained coating presents an effective photo-catalytic effect without having to be heaWreated. 
Moreover the coating is transparent and presents good mechanica. properties. The step of coating 
can be repeated in order to obtain a thicker layer of photostatic material on the substrate, such a 
thick layer having stronger photo-catalytic properties. 

The invention also relates to a coated substrate obtained according to the process for coating a 
substrate according to the invention. This substrate can be constituted of any kind of thermally 
sensitive material and particulariy polymer ones. 

Consequently, the invention takes its major application in the coating of substrates hav.ng low 
heat resistance. As such coatings are transparent and as they allow keeping the optica, properties of 
the substrate on which the coating is realized, the invention is also consequently particularly 
interesting for transparent substrate. Transparent and thermally sensitive materials take the 

strongest advantage of the invention. 

Brief Description of the Drawings 

The invention is described hereafter in detail in reference to the diagrammatic figures 

Wherelnt Fig. 1 shows a diagram explaining the different steps of a process for producing a solution 
containing anatase titanium oxide according to the invention; 

F.g. 2 shows a diagram of the thickness of a multi-layer film deposited according to the 
invention against the single-layer number; 

Fig 3 illustrates the photo-catalytic decomposition rate of malic acid versus film thickness, 
Fig. 4 shows FTIR spectra of films deposited from solutions obtained by a process for 
producing a solution according to the invention; 

Fig 5 a, 5b, 5c show the UV/visible transmission spectra for multi-layer films of vanous 
thickness deposited from three solutions obtained by a process for producing a solution according to 
the invention. 

Description of embodiments 

The invention relates to a process for producing a stable solution containing anatase titanium 
oxide and intended to be coated on a substrate in order to obtain a transparent photo-catalytic 
coating. Such a process includes the preparation of an initial stabilized peptized solution includ.ng a 
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In a second preferred implemented of the heat treatment step, the heat treatment is realized 
by autoclaving. For autoclaving, the solution ASOL Is for example heat-treated in a stainless steel 
dosed vessel, which is placed in a tubular furnace and thermally regulated. After autoclaving for 6 
hours, a thick paste is produced, which can be easily dispersed in a dispersion step DSP1 by 
ultrasonic agitation or any other stirring means. Dispersion can also be Initiated during heat 
treatment, so that the dispersion step DSP1 can be noticeably shortened. After^spersion^stebte 

soBKiro^^ p7OT5fd ' WWCh Under90eS u n ° 

or very slow sedimentation. Due to good stabilization features, this solution can be prepared with 
high TIPT concentrations and it is then flexibly processed in a wide range of experimental 
conditions. It has to be noted that small P H variations, associated with the di.ution of the initial 
solution in water, do not affect the peptization effects and then the solution behav.ors. 

in the presence of a large stoechiometric excess of water, crystallization of sol-gel TK> 2 
particles is governed by kinetics rather than thermodynamics, and autoclaving conditions do not 
influence noticeably the size and crystallization degree of sol-gel derived anatese particles, 
provided that the thermal treatment is performed with a sufficient amount of water and surtable 

acid pH. . . 

Nevertheless, autoclaving experiments show that de-agglomeration proceeds more efficiently 

during autoclaving at higher temperature and for greater r w ratio or lower pH. These features are 
related to more efficient hydrolysis and peptization conditions. In acidic conditions, crystallization 
induced by balanced hydrolysis/peptization conditions competes with the formation of aT,0 2 
amorphous network composed of incompletely hydrolyzed Tl-O-Ti chains. These chains tend to link 
more strongly the crystallites and require more energy or longer de-agglomeration treatment to be 
decomposed. For lower r w ratio or greater pH, the competitive mechanism is biased toward cha.n 
formation, which promotes stronger crystallite bonding. Conversely, hydrolysis and peptization are 
thermally activated and favored by greater r w ratio and lower pH, which biases the sol-gel reaction 
toward the formation of easily dispersible crystallites. A longer heat treatment of the solution allows 
also a better de-agglomeration. A fast sol-gel reaction occurs during the first stages of the thermal 
treatment, which promotes granular agglomeration. As the treatment continues, de-agglomeration 
partially takes place under the effect of liquid agitation induced by heat treatment. De-agglomeration 
is also probably promoted by thermally activated peptization effects. Compared to reflux, autoclaving 
promotes a more efficient de-agglomeration due to combined convection and pressure effects, wh,ch 
yields more stable solutions that are not observed to sediment rapidly and are easily stabilized by 
ultrasonication or any other stirring method. Dispersion effects of the heat treatment can then 
participate to this stabilization. 

Water is a high surface tension liquid that does not lend itself to the deposition of 
homogeneous films, due to de-wetting effects. For this reason, after thermal treatment of the 
solution, an exchange step EXC with a low surface tension solvent SOL is performed in order to 



remove water WTR initially present in the solution. The exchange step EXC consists classically .n a 
thermal re-concentration sub-step REC during which the first solvent is evaporated (water here) and 
a dilution sub-step OIL during which the re-concentrated solution is diluted in the second solvent 
SOL (ethanol for example here). The exchange step EXC can be achieved with any low surface 
tension liquid, particularly with alcohols. When ethanol is, for example, used as the dilution solvent 
SOL, the solution can optionally be further re-concentrated in a re-concentration sub-step REC, 
represented in dotted line in FIG 1, in order to complete residual water elimination through 
evaporation of the water-ethanol azeotrope. 

After the exchange procedure EXC, particles formed in the solution can tend to sediment, which 
requires a new dispersion step DSP2. Those particles again consist of agglomerated nano-crystallites 
partially linked by some remnant Ti-O-Ti chains. These chains can be broken by ultrasonication or 
any other dispersion method. A more or less long final dispersion step DSP2, regarding the 
autoclaving temperature and duration, the pH and the r w ratio, is necessary to produce efficient 
grain dispersion and to promote a good film optical quality. Then, the Ti0 2 particles are efficiently 
dispersed, and films of high optical quality can be deposited. As an example, short ultrasonication of 
about one hour is sufficient for solutions prepared with a pH lower than 1.5 and r w ratio of 30 or 
more autoclaved at 200°C for 6 hr, exchanged with ethanol. 

After de-agglomeration, the protonated Ti0 2 nano-crystallites are stabilized in the solution 
through electrostatic repulsion effects. Such conditions favor the absence of sedimentation and the 
reproducible deposition of high optical quality films is possible over a period of several months usmg 
a same solution. The final solution is advantageously stirred before deposition. 

According to a coating process of the invention, the obtained final solution FSOL is then 
deposited in thin films at room temperature by spin-coating, which means that a given volume of the 
solution is radially spread on a rotated substrate. The coating can be done by any of the known sol- 
gel deposition method. For example, dip-coating, spin-coating, spray-coating... 

For spin-coating deposition, the liquid volume and rotating speed are for example adjusted at 2 
to 20 pi and 2500 to 6000 rpm, respectively, depending on the size or nature of the substrate and 
on the solution viscosity. After deposition, the dilution solvent rapidly vaporizes, leading to a 
crystalline TiO z film. Deposition can be performed on silicon wafers for routine charactenzations. 

According to a preferred embodiment of the Invention, the deposition is realized on 
polycarbonate (PC) or polymethylmethacrylare (PMMA) substrates. This allows checking the optical 
properties of the coating by UV/visible transmission measurements and the compatibility of the 
coated film with thermally sensitive substrates. It is also interesting to have the photo-catalytic 
characterizations on these kinds of substrate that are more concerned by the invention. Films w,th 
various thicknesses are deposited using a multi-layer deposition procedure. In such a procedure, 
each single-layer is for example allowed to dr/ at room temperature for 30 sec or heat-treated ,n a,r 
at about 100°C for 10 sec before deposition of the next layer. Optionally it can be added a step of 



8 



qua ,lty of me fl,m. To increase the th^ness of me layer allows mcreasmg the photo ca* yt 
a**m allow prevent sedimentadon ^ qua«ty 

-^^yw^^^hoto^^v, oteaved 



10 



15 



20 



25 



30 



-p^^msr^ *a Small yariadons observed 
from the different solutions obtamed actt.rd.ng to the uwenn 

— -rctirjri^^r^n^of 

resistance are obtained. 

Examples 

nocture., morphology. «**"^ bee „ chared!Hlzfid lmm ed,a^ after 

respect to the soludon processing l-—^ * hr tees up „ wc 

deposldon or after subsequent heat-treatment In a,r for 2 hr P 

soaping thin film samples, and deposKed on copper gnds coated (± ^ and a tealoe 

mfc Lope is used in a conffcuradon altowlng targe ^ «- * 

W nge «M» of 3.2A. A Philips XL 30 scanning ""^ mlaoscope CLefca DMUfl 

surface morphoiog,. The Aim surface quality is also analysed J""*^ » 

da, ne« .ages. Transmission PHP ^ ^ ^^ZT- ™" 

. resoluttan o, 4 cm-! using a B,o-Pad ™H*W**«>* P 
ensphere without any purging and consisted of 300 scans. w 
soh.acdon C the hare substrate spectrum ftom on s ,l are 

eiWnate the SI contfbubon. The thinness and refta** ^ 
measur ed using a Gaerfner LU6B a ~» V-*0 

using various loads. immersed in a malic (butanol 

dto,c ' tTZC £SIT« . — « - m >- A sma " vo,ume f of 

provided by a Philips HPK w> uv .am W a - „ dd as a function of 

»e soludon ,s period^ withdrawn to m^sure ^ aKrs 600 „ 

Bm e. Mane add analysis Is done by liquid chromatography flow rate: „ 

chromatograph, equipped with a SAPASEP CAR-H column feluer*. H2S04, 



ml/min; detection at X= 210 nm). The photo-catalytic activity is identified as the rate of 
disappearance of malic acid. Malic add is chosen as a model molecule of carboxylic acids, which are 
the best representatives for the main constituents of intermediate products in oxidative degradation 
processes. 

5 According to the presented examples, T1PT is first diluted in ethanol (C TPr = 0.4M) and peptized 

* acidic conditions (pH = 1.27) using hydrochloric acid. For example, to obtain such a concentration 
and pH, a solution containing 59.5 ml of TPT and 190.5 ml of absolute ethanol is mixed under 
agitation with a solution containing 246.5 ml of absolute ethanol, 2.3 ml of HQ 36% and 1.2 ml of 
HA It is obtained a volume of 500 ml. To have optimal stabilization effects, a small amount of 

10 water is present in the initial solution MSOL and the presented example allows to prepare 500 ml of 
a solution with Ctpt = 0.4M, pH = 1.27 and a water to TIPT molar ratio r w = 0.8. In presented 
examples, the initial solution is aged for around 60 hours at room temperature before being mixed 
with water. 

This initial solution (for example, 150 ml) is then added, for example dropwise, at room 
15 temperature into a given volume of water (for example 31.5 ml to obtain a r w ratio of 30 and a 

Ctpt =0.33 mol/l) under magnetic stirring. Experimentally, the mixing step in water is performed in 
order to vary the final r w ratio from 0.8 (with no additional water) to 90. All the resulting solutions 
remained transparent after mixing. The partial re-dilution in water caused slight increases (or 
decreases) in the solution pH (or TIPT concentration). The final compositions of the different 
20 solutions tested in this study are summarized in the table below: 



"Solution r w P H Cw 

"Bi 6X 07 0.4 M 
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B2 15 131 0-36 M 

B3 30 From 1.35 to 2.00 0.33 M 

B4 90 L48 0.24 M 

B5 90 1-48 0.24 => 0.48 M 



These solutions with various r w ratios are then refluxed at 100°C or autoclaved at 

temperatures ranging from 100 to 200°C for 6 hours. In the numeric example cited, about 180 ml 
of a paste is obtained after heat treatment After autoclaving, this paste could be easily re- 
dispersed by ultrasonication or magnetic stirring for a few tens minutes, while dispersion was more 
difficult after reflux. Examples concerning autoclaved solutions are provided hereafter. After heat- 
treatment, the solutions are exchanged with ethanol. This step consists in first thermally re- 
concentrating 10 times the solution, giving rise to 18 ml of a concentrated solution. Then the 
solution is diluted 10 times in ethanol. In the numeric example, 162 ml of ethanol is added to 18 
ml of the concentrated solution to give 180 ml of a diluted solution presenting a titanium 
30 concentration of 0.33 mol/l in ethanol. After exchange, the ethanolic solution is again 

ultrasonicated for 1 hour. The solution with r w ratio of 0.8 appeared to be transparent and stable 
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observations show that the substrate was homogeneously coated with grains of about 100 nm in 
size which consisted of small aggregates of nano-crystallites. Once again, it is important to note 
that the film optical quality could be reproduced using the same solution over a period of several 
months. A similar optical quality is also obtained when a solution with r w ratio of 90 is additionally 
re-concentrated twice (solution B5). In this case, the final is of 0.48 M instead of 0.24 M. Such 
a concentrated solution allows depositing thicker films, while simplifying the multi-layer deposition 
procedure. 

It is observed that the micro-grain amount increases with decreasing r w ratio. On figure 5b, 
for r w ratio of 30 (solution B3 wim pH of 1.35), this trend appears limited and the film optical 
quality remains comparable to that obtained for r w = 90 (solution B4). On figure 5c, for r w = 15 
(solution B2), the film exhibits more numerous and larger grains, which yield a weaker optical 
quality. It can be noted that an optical quality alteration is also observed with a shorter time or 
tower temperature autoclaving or for solutions prepared with greater pH. However, in any case 
studied here, the film can reach an optical quality similar to what is obtained for solutions B3 and 
84, provided that the final ultrasonicatton is performed for a sufficient time. Note that for r w ratio of 
0 8, the optical quality appears very good, but in that case, no crystallization occurs. 

It is possible to observe cracks on multilayer thick films deposited from solution B4 with r w 
ratio of 90. For this r w ratio value, water is not completely removed from the solution during the 
exchange step. As evaporation proceeds more slowly for water than for ethanol, it is likely that 
during the multi-layer deposition procedure water continues to evaporate from the first deported 
layers after deposition of the subsequent layers, which produces cracks once the multi-layer film 
exceeds a given thickness. This assumption was confirmed by the fact that the solution underwent 
a slow liquid phase separation over time, which suggests separation between water rich and water 
poor phases. On the other hand, no liquid phase separation is observed for a solution prepared 
with a r w ratio of 30 and pH of 1.35 and subsequently autoclaved at 200°C. Corresponding films do 
not suffer cracks. Cracks can also be observed for multi-layer films deposited from solutions heat- 
treated at lower temperature or prepared with greater pH or lower r w ratio. Such condtaons 
promote less efficient hydrolysis and thus, more water remains in the solution. This problem is 
easily solved by a short heat treatment after the deposition of each single-layer, which allows to 
vaporize water before deposition of the subsequent layer. For example, a heat-treatment at 1WC 
is realized during 10 seconds after each single-layer deposition, which yields uncracked multilayer 
coatings of 500 nm or more in thickness. 

To summarize, solutions peptized in acidic conditions and subsequently autoclaved at 100- 
200°C present a good stability, and yield films of good optical quality and crystallization degree for 
a large range of experimental conditions. It can nevertheless be necessary to provide a suitably 
long ultrasonicatton duration after solution preparation, and/or a short heat-treatment at low 
temperature during the multi-layer procedure. On figure 2, the thickness of multi-layer films is 
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the film thickness, In other words the inner part of the films participates to malic acid 
photodecomposition. This observation implies that stronger catalytic activities can be reached for 
thicker films. 

The film thickness and porosity determination from elllpsometry measurements allows 
determining the specific activfcy of the films (activfcy normalized with respect to theTIC, particle 
amount). The specific activity of films deposited on PC is slightiy weaker than that of films deposited 
on silica, and it decreases when the film is heat-treated at temperatures higher than U0°C. 
Conversely, it remains unchanged when the film is heat-treated at 11CPC or less. This result 
indicates that a heat treatment of the film at such a temperature can be used to improve the 
m echanica. resistance without any loss in the photo-cataiytic activKy of the film. The deposition of a 
buffer intermediate layer is also possibie to avoid contamination of the photo-catalytic layer from the 
substrate. Such contamination cou.d explain why the specific activity of fi.ms deposited on polymer ,s 
weaker than for films deposited on silica. Indeed, the polymer exposed to the UV radiation can be 
partially decomposed at the film-substrate interface, through a direct photo-lysis or a photo-catalysis 
mechanism, which can in turn pollute the film and decrease Its photo-catalytic activity. Then the 
specific activity of films deposited on silicon substrates with a coating process accord,ng to the 
invention is comparable to that measured on a sol-gel TiG 2 film crystallized at 500-G Th,s feature 
demonstrates that the crystallization degree obtained through solution processing is cornparabte to 
that obtained after a high temperature film tieatanent To summarize, films endowed with good 
optical and mechanical quality and good photo-cataiytic properties can be deposited on polymer 
substrates or any kind of thermally sensitive supports. The good crystallization degree and small 
particle size achieved from acidic solutions in a wide range of experimental conditions promotes the 
deposition at room temperature of films with high photo-catalytic efficiency and good optical 
transparency.The thickness of the coating can then be increased by increasing the concentration in 
nano-crystallites of the deposited solution or by realizing a multl layer deposition procedure, w,thout 
deteriorating the optica, properties of a substrate. Such an increase of the thickness increases the 
photo-catalytic activity. The deposition of concentrated solutions allows lowering the duration of the 
deposition procedure. Besides, the mechanical resistance of the films can be improved through 
adjustment of the solution processing parameters or by embedding the TiO, crystallites in a 
transparent silica matrix optionally followed by heat-treatment at low temperature or any other 
known low temperature hardening treatment. These results open the door to new applications 
involving the use of self-cleaning polymer or thermally sensitive objects. 
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Claims: 



A process for producing a stable solution containing anatase titanium oxide and intended 
to be coated on a substrate in order to obtain a transparent photo-catalytic coating, comprising the 

preparation of an initial stabilized peptized solution including a titanium precursor material, an 
organic solvent, an acid agent, 

. mixing of said initial solution with water in sort that the molar ratio of water to Tftanium of the 
obtained intermediate solution is greater than 0.8, the quantity of acid agent in said initial solution 
being such that the pH of said intermediate solution is less then 3, 

. heat treatment of said intermediate solution at a temperature included between 80°C and 270 C, 
. dispersion of the heat-treated intermediate solution, 

. exchange of water by an organic solvent with low surface tension to obtain a final solution, 
- dispersion of said final solution. 

2 The process of Claim 1, wherein said initial peptized solution is notably stabilized by the 

presence of water in order to have molar ratio of water to Titanium smaller than 1 in said initial 
solution. 

3. The process of one of the Claims 1 and 2, wherein said initial peptized solution is notably 
stabilized by aging of said initial solution at room temperature. 

4 The process of one of the Claims 1 to 3, wherein the quantity of acid agents in said initial 

solution being such that the P H of said intermediate solution is included between 1 and 2. 

5. The process of one of the Claims 1 to 4, wherein said step of heat-treatment is realized by 
reflux or by autoclaving. 

6 . The process of one of the Claims 1 to 5, wherein the heat-treatment is realized at a 
temperature lower than 140°C. 

7 . The process of one of the Claims 1 to 6, wherein the molar ratio of water to titanium of the 
obtained intermediate solution is greater than 30. 

8 . The process of one of the Claims 1 to 7, wherein at least one of said dispersion steps is 
realized by ultrasonication of the solution. 
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o The process of one of the Oalnrs 1 to 8, cbaractenzed in that a ^ncantraBon step Is 

reaped afterL step of exchange ,„ order to ohta,„ a more <»ncen*ated fina, soiutoon. 

10 . A soludon obtained by a process according to one of the claims 1 to 9. 
the step of: 

. Preparation of a solution according to Claim 10, 

. coating of the substrate at room temperature with said final soiution. 

12 The process for coa«ng a substrate according to Claim 11, wherein a mixing step of the 
prepared solution with a so.-ge. soiution of Si02 is realized before the coating step. 

, , The orocess for coating a substrate according to one of the Claims 11 and 12, wherein said 

^ofco^gT:;^ 

photo-catalytic activity. 

M sobsfrate provided with a photon and transparent layer, changed in that said 
substrate is oMained according to a pcocess according to one of the Cairns 11 to 13. 

H. subsh^ as dalnred in aaim 14, wherein said subsbate te of thernraiiy *nsitive matedai. 

16 . substrate as da,m*d in one of the Cairns 14 and 15, wherein the subshate is of poiymer 
material. 
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to produce solutions intended to be coated in photo-catalytic and transparent films" 



AbsSactL 

The invention relates to a process for producing a stable solution containing anatase titanium oxide 
and intended to be coated on a substrate in order to obtain a transparent photo-catalytic coating. 
Such a process includes the preparation of an initial stabilized peptized solution including a titanium 
precursor material, an organic solvent, an add agent, the mixing of said initial solution with great 
amount of water, the pH of the obtained intermediate solution being less then 3, the heat treatment 
of said intermediate solution and its dispersion, the exchange of water by an organic solvent with 
tow surface tension to obtain a final solution finally dispersed. 

The invention particularly allows to coat thermally sensitive and/or transparent substrates with 
photo-catalytic films of high optical quality. 
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